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Joseph A. Frank, Jeff H. Duyn

To evaluate the sensitivity of fast, gradient-echo MR scan
techniques in their ability to detect blood oxygenation level
dependent (BOLD) signal changes in task activation studies,
three dedicated fast scan techniques, each with whole-brain
coverage, were compared during a 3-min finger tapping par-
adigm on nine normal volunteers on a clinical 1.5 T scanner.
Multislice (2D) single-shot spiral, 3D spiral, and muitislice (2D)
single-shot EPI scan techniques were done with similar tem-
poral and spatial resolutions on each of the volunteers in
random order. After image registration and statistical analy-
sis, the sensitivity to detect activation was evaluated for the
techniques by calculating ¢ scores and number of activated
voxels in predetermined regions of interest, including the con-
tralateral primary sensorimotor cortex, the premotor region,
the parietal region, the suppiementary motor area, and the
ipsilaterai cerebellum. Baseline images acquired with the
three techniques were qualitatively comparable and had a
similar effective spatial resolution of around 5 x 5 x 5 mm?, as
determined from autocorrelation analysis. The anatomical
coverage was somewhat reduced (4 less slices per volume)
with EPI at the identical temporal resolution of 1.76 s for all
techniques. The use of multislice 2D spiral scan for motor
cortex fMRI experiments provided for a superior overall tem-
poral stability, and an increased sensitivity compared with
multislice 2D EPI, and 3D spiral scan. The difference in sen-
sitivity between multislice 2D spiral and EP| scans was small,
in particular in the case of a ramp-sampled version of EPI. The
difference in performance is attributed mainly to the differ-
ence in scan-to-scan stability.

Key words: MRI; spiral scan; EPI; fMRI.

INTRODUCTION

Functional magnetic resonance imaging (fMRI) allows
mapping of human brain function with the use of task
activation studies, by employing a blood oxygenation
level dependent (BOLD) image contrast (1}. To detect the
microscopic susceptibility effects related to changes in
blood oxygenation with brain activity, a number of MR
scan techniques have been used, including FLASH (2-4),
echo planar imaging (EPI) (5-8), spiral scan (8-13), and
hybrids (14, 15).
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A Comparison of Fast MR Scan Techniques for Cerebral
Activation Studies at 1.5 Tesla

Yihong Yang, Gary H. Glover, Peter van Gelderen, Anand C. Patel, Venkata S. Mattay,

An impertant issue in the evaluation of fMRI scan
techniques is the sensitivity for detection of activated
regions, which can be defined as the activation-related
increase in image intensity divided by the standard de-
viation of the signal time course. The former is depen-
dent on experimental parameters such as echo time (TE)
of the scan, whereas the latter is determined by signal
fluctuations caused by subject motion, physiological pul-
sations, and electronic scanner noise. A poor sensitivity
requires increased signal averaging to improve statistical
power (e.g., t score) for detection of activation, leading to
lengthening of the fMRI experiment. In general, faster MR
scan methods, such as EPI and spiral scan, allow for
reduction of the relative contribution of instabilities re-
sulting from subject motion and cardiac and respiratory
cycles, resulting in improved sensitivity and therefore
shorter study times.

With the recent improvements in gradient hardware on
clinical scanners, one can expect an increase in the use of
EPI and spiral imaging. These techniques are now able to
cover the entire brain within scan times in the order of
2—6 s, either in a multislice acquisition mode, or in a true
3D fashion (8, 13). Although multislice EPI has been and
still is the most popular MRI acquisition technique, so
far no studies have heen presented comparing its value
with either spiral scan or 3D acquisition techniques. In
this study, both image quality and sensitivity of EPI and
spiral fMRI scan methods are compared in motor cortex
activation experiments on normal volunteers,

MATERIALS AND METHODS

All studies were performed as part of a protocol at the
National Institutes of Health and were approved by the
Intramural Research Board. MR scanning was done on a
1.5 Tesla GE-SIGNA scanner {(General Electric, Milwau-
kee, WI}, running an EPIC 5.5 platform, equipped with an
insertable gradient/RF coil assembly (Medical Advances,
Milwaukee, WI) with maximum gradient strength of 22
mT.m ™! and maximum slew rate of 210 T.m™*.s * on all
three axes. The comparisons were perfomed on the insert
coil, to avoid the restrictive limitations on amplifier duty
cycle of the current gradient system. The insert coil was
not run af its maximum slew rate, but at a maximum of
120 T.m™".s™" instead, to stay within the specifications
of the standard (whole body) gradients.

Spiral Scanning

The spiral scan technique was tun in two different mo-
dalities: as a multislice single-shot 2D experiment and in
a true 3D fashion. In both cases, axial sections (slices)
through the brain were scanned. Spiral waveforms of 22




62

ms duration were applied in two orthogonal directions
for in-plane imaging. The waveforms were designed for
minimum time of acquisition (TACQ) at a given resolu-
tion, by using a slew rate limited (120 T.m™".s~ ) design,
with a maximum gradient amplitude of 20 mT.m " A
nominal in-plane resolution of 3.75 X 3.75 mm* was
achieved with a single repetition of the pulse sequence.
The multislice version excited 36 axial slices (4 mm thick
each) in two sequential interleaves (1-3-5-... and 2-4-
6. .. ). For the 3D experiment, a slab of 130-mm thickness
in the z (longitudinal) direction was selected using an
optimized Shinnar-Le Roux selective excitation pulse
(16}, and a 36-step phase encoding cycle was applied in
the z direction. The field of view (FOV) in the z direction
was set to 144 mm to render a 4-mum nominal slice
thickness. The choice of a slightly larger FOV compared
with the slab thickness was made to avoid aliasing effects
resulting from imperfect slab profiles. The scan-to-scan
stability was optimized by gradient moment nulling of
the slice select gradient (13) as well as the use of a
quadratic RF phase modulation scheme with a periodic-
ity of eight (17).

EPI Scanning

The EPI scan was performed as a multislice 2D experi-
ment, with close similarities to the multislice 2D spiral
version. In essence, the only difference between the tech-
niques were the gradient waveforms for imaging (readout
and phase encode). To optimize the EPI sequence, imag-
ing gradients were designed with minimum duration of
41 ms. This included 20 ms of gradient ramping (includ-
ing 5 ms of blipped gradient), and resulted in an effective
data acquisition duration of 21 ms, which was similar to
the spiral scans (22 ms).

Task Activation Studies

To choose optimum TE for the activation studies, five
data sets (with different TEs) were acquired on each
subject (three subjects totally) using the multislice spiral
and EPI sequences. TE/TR values were set at 20/39, 35/
54, 50/69, 65/84, and 80/99 ms for the spiral scan, and
25/50, 35/60, 50/75, 65/90, 80/115 ms for the EPI scan
(TE of 20 ms in the EPI was not allowed). For each TE/TR
setting, the flip angle was adjusted to match the Ernst
angle (assuming T, = 800 ms for gray matter). Each data
set was acquired in 3 min with a alternative finger tap-
ping paradigm (see below).

For comparison of the three scan techniques, BOLD
functional imaging with sensorimotor cortex activation
was performed on nine normal subjects, using each of the
three scan techniques. The order of acquisition for the
techniques was randomized, as to minimize systematic
bias among the experiments. The echo time (TE), as
counted from the center of the RF excitation pulse to the
center of the data acquisition window, was identical (30
ms) for all three pulse sequences. This resulted in similar
image intensity changes with activation across the three
experiments. This relatively low value of TE (relative to
previously suggested optimum values around the T,* of
gray matter, i.e., 70 ms (18)) was chosen to permit a short
repetition time (TR), resulting in reduced sensitivity to
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motion (12, 13), and an increase in the number of whole
brain scans per unit time, as well as to provide good
sensitivity in areas with poor background shimming (e.g.,
lower brain areas). Consequently, the shortest TR value
was chosen for each technique (49 ms for both spiral
techniques, and 55 ms for EPI). To keep an identical time
resolution (1.76 s per volume) for all studies, the number
of slices was reduced to 32 (from 36) in the EPI experi-
ments. To optimize the signal-to-noise ratio (SNR) for
gray matter in each technique, the RF flip angle (F A) was
set at the Ernst angle (84" for multislice 2D spiral and EPI,
and 20° for 3D spiral, assuming T, = 800 ms for gray
matter). In each functional study, a time series of 102
scans was acquired in 3 min, during which the subject
switched between rest and finger tapping every 30 s (3
“off-states” and 3 “on-states”). The finger tapping was
self-paced (2 Hz) and consisted of sequential thumb-to-
digit oppositions (in the order of 2, 3, 4, 5, 5, 4, 3, 2) with
the dominant hand. The subjects were supplied with ear
plugs due to the high levels of acoustic noise during
scanning, and foam packs were applied to restrict head
motion.

Data Processing

Data were processed off line on Sun-SPARC (Sun Micro-
systems, Mountain View, CA) and SGl-Indigo (Silicon
Graphics, Mountain View, CA) workstations. The signal
processing language IDL (Research Systems, Boulder,
CO) was used for most of the data processing, except the
reconstruction of the spiral images and registration. The

_latter processing steps were performed using a custom-

written software package.

For the 3D spiral data, an initial 1D Fourier transform
was performed in the phase-encode direction (longitadi-
nal direction) with cosine apodization. Subsequently, for
both 2D and 3D spiral data, a regridding algorithm with a
Gaussian convolution window was used to re-sample the
data on an orthogonal equidistant grid on transverse
plane (19). The regridding included corrections for ze-
roth and first order off-resonance effects, calculated from
separately recorded B, maps (20). For the EPI data, off-
resonance corrections were performed with the use of
reference data acquired with one of the localization gra-
dients (“blipped gradients”) switched off {21). For all
techniques, before Fourier transformations in the two
axial directions in the transverse plane, the data was
apodized by a radial cosine filter. The effective in-plane
resolution, calculated from the area of the simulated 2D
point-spread function (PSF) at half of its peak magnitude,
was 1.96 pixel® {equivalent to 1.40 pixels width of rect-
angular PSF). This value does not include broadening
caused by image artifacts, such as off-resonance effects.
Therefore, the actual image resolution was estimated
from the functional data by computing the full width at
half maximum (FWHM) of the spatial autocorrelation
function for each of the techniques (22-24). This estimate
assumed a Gaussian noise distribution within the im-
ages.

All images were registered to the last image to correct
for rigid body motion between scans. The registration
routine was based on a custom written software package,
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using a multiresolution least squares difference algo-
rithm with cubic spline interpolation (25, 26). The func-
tional data were analyzed by means of a ¢ test in pre-
defined region-of-interest (ROI), adjusted for total
number of voxels in the ROI by a Bonferroni correction.
For each subject, a ROI was defined covering the con-
tralateral primary sensorimotor cortex, the premotor re-
gion, the parietal region, the supplementary motor area,
and the ipsilateral cerebellum (8). The total number of
voxels in the ROI was typically 420, resulting in a Bon-
ferroni corrected significance threshold of P < 5.95 X
1077 (0.025/420) per voxel. The corresponding ¢ cutoff
was approximately 4.0, and voxels with ¢ score above the
threshold were considered as significantly activated. The
total number of activated voxels and the average t score
of the activated voxels in the ROI were calculated for
each subject.

To evaluate the scan-to-scan stability of the tech-
niques, the standard deviation of the image intensity over
acquisition time was calculated for each voxel in the
brain and presented as a histogram. This measure of
signal stability included effects of tissue motion/pulsa-
tion, as well as scanner noise.

Simulations

Computer simulations were performed to simulate the
image point-spread function (PSF] for the following pur-
poses:

1. To calculate the effect of circular versus rectangular
apodization windows applied to the EPI data on the
image resolution.

2. To estimate the effect of acquisition time (TACQ) on
the T,* weighting for both spiral scan and EPL

The image resolution was calculated from the surface

area al half height of the PSF. The linear (1D) resolution
was then determined by teking the square root of this
area. The effect of TACQ on the T,* weighting was de-
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termined by calculating the k-space representation of a

uniform object, and determine the distortions introduced

by local alterations in T,*. The effective TE was then

calculated from the local shift in image intensity in the .
center of the area with altered 7,*, as a function of its

diameter.

RESULTS
Image Quality

The images of the multislice and 3D spiral techniques, as
well as multislice EPI were qualitatively similar. Figure 1
shows two subsets of brain images acquired with the
multislice spiral and EPI sequences. The phase correc-
tion used in image reconstruction was effective in most
of the brain, although blurring (spiral) and warping (EPI)
appeared in the orbito-frontal regions at the air-tissue
interface and the regions of the mastoid sinus. The aver-
age effective image resolution, estimated from the FWHM
of the spatial autocorrelation function for the multislice
spiral and EPI, and 3D spiral are shown in Table 1.
In-plane resolutions were similar among the three scan
techniques. Longitudinal resolutions in the multislice
spiral and EPI scan techniques were similar, but were
around 10% better than the 3D scan technique (due to the
longitudinal apodization in the 3D technique).

TE Dependence

Figure 2 shows the signal increases, number of activated
voxels, and average ¢ score within the activated motor
cortex as a function of TFE, for the multislice spiral and
EPI experiments. BOLD signal changes increased with TE
due to stronger T,* weighting (top diagram), although at
the cost of an increase in temporal standard deviation
(not shown). The overall sensitivity for detection of acti-
vated regions (reflected by the number of activated vox-
els and average ¢ score, shown in the middle and bottom

FIG: 1. Subsets of brain images acquired with the single-shot spiral (top row) and EPI (bottorn row) sequences, respectively. Displayed
is the first data set of a time series. Later time points showed reduced image contrast, due to saturation effects.
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Table 1

Effective Spatial Resolution Estimated by the FWHM of the
Spatial Autocorrelation Function for the Muiltislice Spiral and
EPI, and 3D Spiral Techniques

Effective in-plane

(x-y) resolution Effective through-plane

(2) resolution (in pixels)

___wm(rinipixels)
MS spiral 1.44 + 0.05 1.14 + 0.04
MS EPI 1.47 = 0.05 1.15 + 0.07
3D spiral 1.45 = 0.04 1.25 + 0.06

diagram} was fairly flat in the TE range of 30-70 ms
(within 84% of the maximum number of activated vox-
els, and 83% of the maximum average ¢ score), attributed
to the improved temporal stability and increased number
of scans per unit time, for the studies with shorter TEs.

Temporal Stability

The standard deviation was normalized to the baseline
voxel intensity. With all three imaging techniques, the
distribution was fairly uniform across the brain. In-
creased standard deviation values were typically found

3.5F
3.0
2.5F
2.0
1.5F

1.0
0.5E.. A
20 30 40 50 60 70 80

Signal Change (%)

120~ v N

Lt o

100
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40¢ . . . X
20 30 40 50 60 70 80

# of Activated Voxels

6.0F
5.8}
5.6
5.4F
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4.8¢. . : . . L]
20 30 40 50 60 70 80
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Average t—score

FIG. 2. Averaged signal increases (top), number of activated vox-
els (middie), and average t score (bottom) in the activated motor
cortex as a function of echo time in the multislice spiral (solid lines)
and EPI (dotted lines) scans. :

Yang et al.

in the area surrounding the posterior fossa, and at air-
tissue interfaces. The lower intensity for the multislice
spiral data suggests a better scan-to-scan stability,

For each of the techniques, the distribution of standard
deviation values in voxels across the brain was summa-
rized in a histogram. A comparison of composite histo-
grams including all subjects for multislice spiral, 3D spi-
ral, and multislice EPI is shown in Fig. 3. The peak
positions of the histograms are 7.9 X 107" for multislice
spiral, 9.8 x 107* for multislice EPI, and 9.7 X 10" * for
3D spiral. Paired Student ¢ test showed that the peak
position of the standard deviation distribution in the
multislice spiral was significantly lower than that in the
multislice EPI (P < 0.001) and in the 3D spiral (P <
0.002). The FWHM of the distribution curve was 0.32 X
107? in the multislice spiral, 0.34 X 107* in the multi-
slice EPI, and 0.35 X 107° in the 3D spiral. There was no
significant difference in the FWHM among the three se-
quences,

Overall Sensitivity

A comparison of activation maps in the motor cortex
region, obtained with each of the three scan techniques,
is shown in Fig. 4. Clearly visible is activation in the
contralateral primary sensorimotor cortex, the premotor
region, the parietal region, the supplementary motor
area, and the ipsilateral cerebellum. Similar activation
maps were observed in all subjects, although the cere-
bella activation was not shown in two of the nine sub-
jects (for all three techniques).

A more accurate assessment of the sensitivity can be
made from the number of activated voxels within the
preselected ROL, together with the average t score of the
activated voxels. Figure 5 shows composite histograms of
the ROI-based ¢ score from all subjects, for each of the
three sequences. Each curve represents activated as well
as nonactivated voxels within each ROI The vertical line
at ¢ = 4.0 represents the imposed separation between
activated and nonactivated voxels. Comparison of the
curves right of this cut-off suggest a higher number of
activated voxels with the multislice spiral as compared
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FIG. 3. Histograms of standard deviations of the image intensity
time course for all voxels in the brains, and summed over all
subjects. The three curves represent the multislice spiral (solid
ling), the multislice EPI (dotted line), and the 3D spiral (dashed line)
scans. The insert shows the histograms of standard deviations for
EPI with circular filter (dotted line) and square filter (solid line).
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FIG. 4. An example of sensorimotor activation maps obtained from the multislice spiral (top row), multislice EPI (middle row), and 3D
spiral studies (bottom row). The voxels with significant activation (see text) are displayed in red, and overlaid on corresponding

T,-weighted images.

with the multislice EPI, as well as to the 3D spiral. The
total number of voxels above the threshold were 814,
673, and 679, respeclively, and the average t score of
these voxels were 5.67, 5.50, and 5.52 for all ROIs. The
data for the individual subject is summarized in Table 2.
Paired Student ¢ tests showed that the number of acti-
vated voxels in the multislice spiral was significantly
higher than that in the multislice EPI (P < 0.002) and in
the 3D spiral (P < 0.004). The average t score of the
activated voxels in the multislice spiral was also signif-
icantly higher than that in the multislice EPI (P < 0.01)
and in the 3D spiral (P < 0.006). There were no signifi-
cant differences in the number of activated voxels and
average f score between the multislice EPI and 3D spiral
sequences.
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FIG. 5. Composite histograms of the t scores for the voxels in all
ROIs of all subjects. The three curves correspond to the multislice
spiral (solid line), the multisiice EP! (dotted line), and the 3D spiral
(dashed line) sequences, respectively. Voxels with a t score above
4.0 (cutoff indicated with vertical ling) were considered activated.

Signal increases due to brain activation were calcu-
lated within the ROIs for the activated voxels shared
between three techniques. The signal changes were
1.38 * 0.29%, 1.48 * 0.27%, and 1.42 % 0.25% for the
multislice spiral, multislice EPI, and 3D spiral, respec-
tively.

DISCUSSION
Effective Spatial Resolution

The average actual resolution in the functional images, as
determined from the autocorrelation analysis, followed
the theoretical predictions from analysis of the point-
spread function (PSF). This suggests that the effect of
artifacts (e.g., blurring) on the resolution was relatively
small in most of the brain. One note has to be made with
respect to the use of apodization filters in this study. The
relative loss in resolution caused by the circular filter is
relatively higher for the EPI data, which is acquired in a
rectangular k-space format. The circular filter was chosen
to obtain comparable resolution for all techniques. The
use of a square filter for EPI data resulted in a 13%
narrower PSF, although at the cost of some SNR, as
determined by simulation. Experimental data showed
that the square filter caused a 10 + 1% increase in tem-
poral standard deviation of the image intensity (i.e., a
loss in stability), as compared with that with the circular
filter (Fig. 3). This suggests that one could modity the EPI
acquisition to match the PSF width of the spiral scan,
and reduce the bandwidth (e.g., by performing circular
EPI (27)). This would increase the SNR by around 13%,
and could lead to a small overall improvement in stabil-
ity. In addition, the use of ramp sampling in EPI allows
reduction of the bandwidth, which slightly improves the
stability for EPI scans. Comparison of non-ramp-sampled
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Table 2
Number of Activated Voxels and Average t Scores of the
Voxels, Summed over all ROls

Number of activated
Average t score

voxels
Volunteer
MS MS 3D MS MS 3D

spiral  EPl spiral spiral EPlI  spiral
1 87 72 70 566 553 550
2 112 88 80 6.02 588 576
3 96 85 76 562 522 555
4 75 77 76 549 553 547
5 88 78 75 570 581 552
6 68 48 47 552 520 536
7 86 88 82 522 6823 527
8 104 80 o1 6.04 585 590
9 98 77 82 552 530 522

Mean 904 748 754 564 548 550
SD 13.8 123 122 026 026 022

versus ramp-sampled EPI versions showed a 10% stahil-
ity improvement for the latter.

Overall Sensitivity

The activation related relative signal changes are ex-
pected to be similar for all three techniques, because of
the uniform TE value of 30 ms. This assumes comparable
image tissue contrast and comparable T,* weighting for
the three techniques. In this situation, the overall sensi-
tivity is determined by the scan-to-scan stability, which
can be estimated from temporal standard deviation (Fig.
3}

The superior stability of multislice spiral compared
with EPI under comparable conditions is partly attrib-
uted to their different sensitivities to motion and flow
artifacts. This relates to the fundamental differences in
k-space trajectories. Spiral trajectories have excellent
flow properties, including zero gradient moments at the
origin of k-space, and smoothly varying first order gradi-
ent moments over k-space (10, 28). Earlier results from
simulation analysis demonstrated that spiral images
were almost immune to flow artifacts up to linear veloc-
ities of 20 cm/s, while EPI images showed intensity dis-
tortions and ghosting (28). Vascular spins, for example,
are therefore more likely to cause signal instabilities in
EPI than in spiral MRL

The stability difference between multislice and 3D
scanning (Fig. 3) stems from the differences in data ac-
quisition. In the multislice mode, data acquisition was
independent for each slice, resulting in a relatively short
acquisition time {(equivalent to TACQ, i.e., 22 ms for
spiral scan). For the 3D experiment, all slices are ac-
quired “simultaneously,” with the acquisition time (for
each slice} stretching out over the duration for acquiring
entire volume (1.76 s in this study). Therefore, signal
fluctuations on this time scale (related to cardiac and
respiratory cycles, and CSF pulsations) more severely
affect 3D data. A potential improvement in the 3D exper-
iment is the use of navigator echoes to correct for some of
these motion-induced signal fluctuations. In addition, in
situations where the overall TR (scan time per volume] is

Yang et al.

much larger than the tissue T,, the SNR advantage of 3D
scanning possibly becomes an issue.

Effective Echo Time

The amount of BOLD-related signal expected with acti-
vation is dependent on the T,* weighting, which de-
pends on the delay between RF excitation and data ac-
quisition (TE). Due to significant duration of TACQ, TE is
ill-defined with spiral and EPI scans. In addition, the
T,*-related signal decay during TACQ affects the PSF
(i.e., resolution), and results in shifting of intensity in the
images. The actual T,* related signal loss within one
voxel, and consequently the signal increase with activa-
tion, is therefore dependent on k-space irajectory, spatial
apodization, and size of the activated area. The T,*
weighting of a technique is therefore more appropriately
indicated by the “effective TE,” or TE*. With spiral tech-
niques, TE* is close to the center of acquisition window
for the smallest (sub-voxel size) activated regions, but
shifts toward the start of acquisition window for larger
regions (Fig. 8). For clusters with a diameter (in the axial
plane) of more than three pixel dimensions, TF* is closer
to the start of acquisition window. On the other hand, for
EPI, TE* is close to the center of acquisition window for
any cluster size. Based on these considerations, the rel-
ative signal change with activation is expected to be
somewhat larger with EPI than that with spiral scan. This
is in agreement with the experiments, which showed a
6% larger signal change with activation with EPI (see
Results).

In the spiral scan technique, a potential increase in
signal change with activation can be achieved by revers-
ing the spiral waveforms (i.e., a spiral-in acquisition
(29)). This substantially increases TE* for all but the
smallest clusters. However, it does not guarantee an in-
crease in overall sensitivity. Under the current condi-
tions, the temporal standard deviation was increased
around 45% with spiral-in acquisition, resulting in a
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FIG. 6. Calculated effective T,* weighting (TE*) as a function of
cluster diameter for spiral acquisition (pararmeters corresponding
to experimental conditions described in Methods). Note that for
small cluster diameters, the TE* is close to the center of the
acquisition window, whereas for cluster diameters of three or
more voxels, TE* approaches the start of the acquisition window
(center of k-space).
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sensitivity increase only for the larger clusters (>3 pixels
diameter).

Computational Requirements

Although the reconstruction time for the spiral data was
substantially longer than that for EPI (25 min versus 7
min on an SGI-Indigo Workstation using C-code), it did
not dramatically lengthen the total duration of the fMRI
analysis. This was because of the extensive computa-
tional requirements of the image registration, which took
up most of the (1.5 h) processing time. Therefore, the
spiral reconstruction time did not lead to a severe limi-
tation with regard to the duration of the image analysis.

CONCLUSION

The use of multislice 2D spiral scan for motor cortex
fMRI experiments provided for a superior overall tempo-
ral stability, and an increased sensitivity compared with
multislice 2D EPI, and 3D spiral scan. The difference in
sensitivity between 2D spiral scan and 2D EPI was small,
in particular in the case of a ramp-sampled version of
EPL
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